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ABSTRACT 
In previous studies, we have reported that double perovskiteLaଶNiMnO଺  (LNMO) presents a non-negligible 
potential for room temperature magnetocaloric tasks. With the aim of improving even further the cooling 
performances and the working temperature range of double perovskites, we report the magnetic and 
magnetocaloric properties of LaଶMnFeO଺ and related compounds. The partial substitution of strontium for 
lanthanum enables us to cover a wide operating temperature range with significant magnetic entropy change 
extending beyond 300 K. For some optimal growth conditions, the entropy change varies slowly over an unusually 
large temperature range, which is of clear interest from a practical point of view. 
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I. INTRODUCTION 
Based on the magnetocaloric effect (MCE), magnetic refrigeration is an environment-safe energy-efficient 
refrigeration alternative to conventional systems based on the fluid compression-expansion process 1-5. The MCE 
phenomenon has been used for many years to reach very low temperatures in a process also known as adiabatic 
demagnetization using paramagnetic salts 1-5. Starting from 1976, magnetic refrigeration near room temperature 
has stirred a lot of interest when Brown unveiled an innovative magnetocaloric device working with gadolinium 
metal as the active refrigerant 6.  
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With the goal of improving the general performances of actual prototypes, search for novel magnetocaloric 
materials led to the discovery of a giant MCE by Pecharsky and Gschneidner in Gd5Si2Ge2 based-compounds near 
room temperature 7. Following this breakthrough, a large variety of advanced magnetocaloric materials was 
proposed for room temperature magnetic cooling 1, 8-15. In recent years, this search has partially focused on the 
exploration of promising new ferromagnetic oxides for which magnetic coupling is driven either by the 
superexchange or the double exchange mechanisms 1. 
From this group, double perovskites have recently attracted much attention. In addition to their good 
magnetocaloric properties, these materials possess some key assets when compared to intermetallics such as high 
electrical resistance, chemical stability and a low production cost 1, 4, 16. In fact, the double perovskites of formula 
A2BB’O6(A = rare earth and B, B’= transition metal ions) are not studied only for their magnetocaloric effect, but 
also for their multiferroic properties 1, 16. Recently, it was shown that the cation-ordered phase of the ferromagnetic 
La2NiMnO6(LNMO) compound presents a second-order magnetic phase transition at TC ~ 280 K leading to 
significant MCE levels at room temperature 1, 16, 17. Moreover, it was also shown that the Curie temperature of 
LNMO strongly depends on the level of Ni and Mn cations ordering in its crystal structure offering the possibility 
to tailor its magnetic response to suit the requirements for efficient cooling 1, 16. Although LNMO qualifies most 
probably as a prime candidate to be tested as an active material in existing prototypes, one would like to further 
improve the properties by substituting either the rare earth La, or one of the 3d metal atoms, Ni or Mn in order to 
achieve transition temperatures above room temperature and tunable MCE. 
For this purpose, two kinds of double perovskites were synthesized by the conventional solid-state reaction 
technique in the present study: 1) a total substitution of Ni in LNMO by Fe to form La2MnFeO6 (LMFO), a double 
perovskite which we expected to exhibit strong ferromagnetic exchange interactions; 2) a partial substitution of 
La in LMFO by divalent cations to form the compound ALaMnFeO6 (A = Sr, Ba and Ca). Below, we show that 
La2MnFeO6 is not ferromagnetic carrying an unexpectedly low magnetization, in agreement with previous studies. 
In fact, this behavior can be explained using density functional theory (DFT) by an antiferromagnetic 
superexchange coupling between Fe and Mn. Following the prediction for the same theoretical study, the partial 
substitution of La by divalent alkaline earth metal ions leads to an enhancement of the magnetization and an 
increase in the transition temperature above room temperature suggesting a path to reach larger magnetocaloric 
effect than La2NiMnO6 at room temperature.  
II. METHODS 
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Polycrystalline samples of La2MnFeO6 and ALaMnFeO6 (ALMFO) compounds were synthesized by the standard 
solid-state reaction method. High-purity oxides or carbonates La2O3, Fe2O3, MnO2, SrCO3, BaCO3 and CaCO3 
were used as starting materials and mixed in proper stoichiometric proportions. The mixtures were ground in a 
mortar until homogeneous powders were obtained and then calcined in air for 24 h at different temperatures. The 
LMFO powder was heated from 900°C to 1150°C by steps of 50°C with intermediate regrinding while ALMFO 
powders were instead sintered up to 1050°C. All of them were then finally pressed into pellets of 12 mm diameter 
and 2 mm thickness and sintered for 24h at 1070°C for ALMFO and 1150°C for LMFO. The crystal structure was 
confirmed from powder x-ray diffraction (XRD) measurements using a Bruker-AXS D8-Discover diffractometer 
in the θ − 2θ configuration with CuKα source over the 2θrange of 10 to 80°. The magnetization measurements 
were performed with a superconducting quantum interference device (SQUID) magnetometer from Quantum 
Design. Density functional theory (DFT+U) calculations were performed within the full potential all-electron basis 
set as implemented in the WIEN2k code 17. The calculations were used to gain insight on the crystal-field splitting 
of the transition metals d-orbitals of the various compounds. Total-energy calculations allowed to determine the 
magnetic ground state of each compound and to estimate their transition temperature. Details of these calculations 
have been presented in separate papers 18, 22. This approach helped us to understand the origin of some magnetic 
properties that cannot be understood with a naive toy model for superexchange in these materials, especially for 
LMFO, and to make predictions on the way to alter the magnetic properties and improve magnetocaloric 
performances. 
III. RESULTS AND DISCUSSION 
The room temperature powder x-ray diffraction (XRD) patterns of La2MnFeO6 (LMFO), SrLaMnFeO6 (SLMFO), 
BaLaMnFeO6 (BLMFO) and CaLaMnFeO6 (CLMFO) compounds are presented in Figure 1. The observed 
reflections in the XRD patterns correspond to single phase double perovskite oxides for all the samples. On the 
other hand, the broad reflections unveiled for the doped LMFO indicate smaller size crystallites. Rietveld 
refinements of the XRD data (not shown here) reveal that LMFO, BLMFO and CLMFO adopt an orthorhombic 
(Pnma) structure while a rhombohedral structure (R-3c) is obtained for the SLMFO compound in partial 
accordance with previous reports 19, 21. Shaheen et al. reported an orthorhombic perovskite structure, but with space 
group Pbnm for BLMFO and CLMFO, while a rhombohedral structure (space group R-3c) for SLMFO was 
observed 19. More recently, Kumar et al. reported the structural analysis and optical properties of BLMFO and 
SLMFO samples prepared by the auto-combustion method 20. They found that BLMFO may be indexed to a cubic 
crystal structure with space group Pm-3m while SLMFO crystallizes into the rhombohedral symmetry within the 
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space group R-3c in agreement with Ref. 19. In our case, we notice that the lattice parameters, a, b and c are 
correlated to the size of the ionic radius of the dopant (Ca, Sr, Ba) and should, in turn, influence the bond angles 
controlling the strength of the superexchange interaction. 
Figure 2 shows the zero-field cooled (ZFC) magnetization as a function of temperature measured under an applied 
magnetic field of 0.2 T for undoped and doped LMFO. The measured magnetization curve of LMFO is similar to 
that reported by Barrozo et al. 21. A broad transition centered around 80 K is observed for LMFO, presumably 
from a ferromagnetic (FM) to a paramagnetic (PM) phase. However, the observed magnetization value at low 
temperature (roughly 1.35 µB/f.u. at 7T, 5K) is smaller than the expected value of 7 µB/f.u.  for Mn+3/Fe+3 or 9 
µB/f.u. for Mn+4/Fe+2 configurations if one assumes a ferromagnetic coupling between the Mn and Fe moments. 
The low magnetization value could be attributed to a possible B/B’ cationic disorder leading to the formation of a 
random distribution of Mn-O-Fe, Mn-O-Mn and Fe-O-Fe bonds or even Mn-rich or Fe-rich clusters 20. In this case, 
the Fe+3-O-Mn+3or Fe+2-O-Mn+4bonds, presumably both ferromagnetic are diluted in a matrix made of Mn+3-O-
Mn+3 or Fe+3-O-Fe+3 antiferromagnetic bonds. The end result is a low temperature transition with small 
magnetization. Another possible scenario is that the cation-ordered phase is antiferromagnetic and, even though it 
is dominant, it leads to a low magnetization. In fact, recent DFT calculations assuming B/B’ cationic order (with 
only Fe-O-Mn bonds) indicate that the Mn and Fe moments are coupled antiferromagnetically and that the lowest 
energy bond corresponds to oxidation states given byFe+3-O-Mn+3 22. This study revealed the important role played 
by the strong electronic repulsion for electrons in the Fe-3d orbitals determining the ground state of LMFO. Indeed, 
these strong electron-electron interactions prevent their double occupancy and lead to a Fe3+ state with half-filled 
3d orbitals and Mn3+ state. The subsequent Jahn-Teller distortion arising from the Mn3+ ions lifts the degeneracy 
of the Mn-eg states. The interplay between Jahn-Teller distortion and strong Fe-3d correlations then leads to an 
antiferromagnetic oxygen-mediated superexchange interaction between neighboring Mn3+ and Fe3+ moments. This 
interaction is illustrated schematically in Figure 3 (left), where we assumed that the Mn3+ ion has a 3d஢ସd஢ഥ଴  
configuration. In that case, the Jahn-Teller distortion lifts the degeneracy of the Mn-eg orbitals and favors the 
hopping of an O-p spin-down electron to a Mn-eg spin-down orbital. The remaining O-p spin-up electron can only 
contribute to the superexchange interaction if the high-spin Fe3+ ion has a 3d஢଴d஢ഥହ  configuration. Hence, the 
antiparallel alignment of neighboring Mn3+ and Fe3+ moments leads to a higher kinetic advantage than their parallel 
alignment, which explains the AFM ground state of LMFO. As a result, one expects that the maximum 
magnetization of ordered LMFO could theoretically reach 1 µB/f.u. 
5 
 
The ongoing theoretical study based on DFT calculations made also the prediction that partial La substitution by 
Ca, Sr and Ba leads to ferromagnetism for the A and B-site ordered CLMFO, SLMFO and BLMFO 18. Indeed, the 
divalent substitution of half of the La atoms could lead to Mn4+ and Fe3+ states without Jahn-Teller distortion or 
double occupancy of Fe-3d orbitals. The ferromagnetic ground state should show a total moment of 8 µB/f.u.  
arising from the Mn4+ and Fe3+ ions 18. The ferromagnetic interaction between neighboring Mn4+ and Fe3+ moments 
is easily understood from a simple superexchange model. This is once again illustrated in Figure 3(right), in which 
we assumed that the Mn4+ ion has a 3d஢ଷd஢ഥ଴  configuration. In that case, an O-p spin-up electron can hop on the Mn-
eg orbital due to Hund’s coupling. In order for the remaining O-p spin-down electron to contribute to the 
superexchange interaction, high-spin Fe3+ has to have a 3d஢ହd஢ഥ଴  configuration. Thus, the kinetic energy advantage 
is bigger if the neighboring Mn4+ and Fe3+ moments have a parallel alignment, resulting in a FM ground state 18. 
Consequently, substituting La by Ba or Sr in LMFO leads to a clear increase of the Curie temperature to 150 K 
and up to 350 K, respectively, as shown in Figure 2. However, Ca substitution leads to a behavior similar to LMFO. 
A partial substitution of the trivalent La3+ by a divalent cation (Ca2+, Sr2+, Ba2+) must change the oxidation state of 
either Mn or Fe. This change appears to have a very deep impact on the stable magnetic phase probably through a 
(partial) change in the nature of the exchange interaction. Nevertheless, since these divalent cations should provide 
the same number of holes to the structure, the observed differences between CLMFO, SLMFO and BLMFO signal 
the likely impact of lattice distortions as another way to control the strength of the superexchange interaction. 
Further studies and characterizations are needed to understand the contrasting behavior of Ca doping with respect 
to Sr and Ba doping. One characteristic signature of the magnetic properties of these compounds is the very broad 
transition one can get by manipulating the doping and the growth conditions. If the magnetization is large enough, 
this may produce a large enough magnetocaloric effect in a wide temperature range (see below) suitable for a 
specific application. 
The magnetization of LMFO, CLMFO, BLMFO and SLMFO samples under increasing and decreasing magnetic 
fields at 5 K is shown in Figure 4(a). Weak hysteresis with low coercive field (HC) values of about 250 Oe is 
observed for all the samples at 5 K (see Figure 4(a)). It is worth mentioning that the magnetization does not reach 
saturation and increases continuously at high magnetic field for all the samples. In addition, a low magnetization 
value is observed for all the samples even at our highest magnetic field of 7 T. At best, it reaches 3.5 µB/f.u. for 
SLMFO, 2.8 µB/f.u.  for BLMFO,1.35 µB/f.u. for LMFO and 1 µB/f.u. for CLMFO. The shape of the hysteresis 
curves is similar to that of superparamagnetic systems. In this present study, the sintering temperatures of 1070°C 
for ALMFO and 1150°C for LMFO samples are smaller than those usually used for the synthesis of double 
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perovskite oxides. Consequently, small size crystallites can be present in our samples. Thus, we expect the high-
field magnetization to continuously grow with increasing sintering temperatures. Such results were reported by 
Bhame et al. 23 for polycrystalline LaMn0.5Fe0.5O3 synthesized by a low-temperature method. They explained these 
magnetic hysteresis curves by the presence of ferromagnetic and superparamagnetic phases in their samples whose 
contributions depend on the processing conditions. It emphasizes a very interesting characteristic of double 
perovskites: it is possible to tune their magnetic properties by varying the growth conditions similar to what was 
shown recently with LNMO thin films 16. Figure 4(b) shows the magnetic field dependence of the magnetization 
at room temperature for SLMFO material. A ferromagnetic-like behavior can still be observed. Its magnetization 
value under a magnetic field of 0.5 T is about 0.3 µB/f.u. 
The scope of this work concerns essentially a comparison of the MCE in LMFO and ALMFO (A= Sr, Ba and Ca) 
materials. The MCE is usually quantified as a change of temperature in adiabatic conditions (ΔTad) or the change 
of magnetic entropy in an isothermal process (ΔSM). In this study, the isothermal process was used to evaluate the 
entropy change of the prepared samples subjected to an external magnetic field. According to Maxwell’s relation, 
the magnetic entropy change ΔSM for an applied magnetic field variation from 0 to H is given by 1,24, 25: 
∆S୑(T, 0 → H) = µ଴ ∫ ቀ
ப୑
ப୘
ቁ
ୌᇲ
dHᇱୌ଴   (1) 
Since the magnetization is usually measured at discrete magnetic fields and temperatures, the isothermal 
magnetic entropy changes in Eq. (1) can be computed by transforming the integral into a discrete sum as follows: 
∆S୑ = µ଴ ∑
୑౟శభି୑౟
୘౟శభି୘౟
୧ ∆H୧                               (2) 
where Mi+1 and Mi are the magnetization at temperatures Ti+1 and Ti, respectively, under a magnetic field H 
measured with an increment of ∆H୧. 
From the isothermal M(H) curves similar to those shown in Figure 5 and Eq. (2), we have calculated the magnetic 
entropy variation (-ΔSM) displayed in Figure 6. We first notice that all samples exhibit a maximum value around 
the magnetic transition temperature TC. Since TC is ill-defined, the curves cover an extended range of temperature. 
In addition, for all the samples the magnitude of (-ΔSM) increases by increasing the external magnetic field. Figure 
6 shows that the maximum magnetic entropy value for LMFO (Figure 6(a)) increases from 0.19 to 0.7 J/K kg for 
a magnetic field variation of 3 to 7 T, respectively. However, the maximum entropy changes for BLMFO in Figure 
6(b) and SLMFO in Figure 6(c) are about 0.15 to 0.42 J/K kg and 0.15 to 0.48 J/K kg, respectively. The MCE in 
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terms of the maximum magnetic entropy change for these materials is much lower than that presented by 
gadolinium (Gd) metal with 9.8 J/kg K 1 and oxides such as La2NiMnO6 (LNMO) and La2CoMnO6 (LCMO) single 
crystals with MCE value of 2 and 3.5 J/K kg, respectively, for magnetic field variation from 0 to 5 T 1,21. However, 
the very large temperature range of significant ΔSM with almost flat temperature-independent values could be 
appealing if further increased. A comparison between the estimated entropy changes as a function of temperature 
with magnetic field varying from 0 to 5 T for LMFO, BLMFO and SLMFO is shown in Figure 7. Interestingly, 
while LMFO and BLMFO show well-defined but broad maxima, SLMFO shows an entropy change slowly varying 
over a temperature range as large as 300 K. Of course, approaching a flat so-called table-top temperature 
dependence is of great practical interest as it is a key ingredient to achieve the best refrigeration performances 
based on different thermomagnetic cycles, such as the Ericsson and Brayton (active magnetic regenerative 
refrigeration) cycles 1, 24, 25.  
The lower MCE in these doped LMFO is attributed in part to the low magnetization values. SLMFO could become 
a good candidate for room temperature magnetic refrigeration if one can markedly enhance the magnetization in 
these materials. Their magnetocaloric properties could be presumably enhanced by increasing the grain size of 
their polycrystalline forms using optimum annealing conditions. This point is currently under investigation. On 
the other hand, the MCE shown by these compounds is usually much lower if compared to its theoretical limit 
assuming a fully polarized ferromagnetic phase, unveiling that high magnetocaloric levels could still be achieved 
in this family with further manipulations. For this purpose, an understanding of the electronic structure and its 
interplay with other crystallographic and magnetic order parameters would pave the way for the design of advanced 
double-perovskite compounds able to operate close to their MCE theoretical limit. Finally, these ceramic materials 
exhibit other advantages such as high chemical stability, high resistance to corrosion and oxidation, low cost and 
easy fabrication process and a high electrical resistance (absence of eddy currents). Such physical properties are 
of great interest from a practical point of view. 
 
IV. CONCLUSION 
In the present study, La2FeMnO6 and ALaFeMnO6 (A= Sr, Ba, Ca) double perovskites have been successfully 
synthesized by a standard solid-state reaction method. The structural, magnetic and magnetocaloric properties of 
these samples have been studied and compared. The temperature dependence of the magnetization shows 
ferromagnetic-like behavior for all prepared materials, but with low magnetization values. The magnetic isotherms 
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reveal likely a superparamagnetic behavior for all samples. The magnetocaloric effect in terms of entropy change 
was also estimated from measurements of magnetic isotherms for LMFO, BLMFO and SLMFO. Its maximum 
value at 5 T was found to be about 0.5 J/kg K for LMFO and 0.3 J/kg K for both BLMFO and SLMFO. For LMFO, 
an effective antiferromagnetic interaction between Mn and Fe predicted by DFT calculations is at play, leading to 
a low magnetization. Partial substitution of La by Ca, Sr and Ba in LMFO changes the oxidation state of Fe, 
leading to ferromagnetic Mn-O-Fe bonds. However, the low magnetization and MCE for these materials may be 
attributed to the anti-site disorder in the B and B’ sites of the double perovskite structure. Due to a very broad 
magnetic transition extending over 300 K, the magnetocaloric effect of SLMFO covers a wide operating 
temperature range of roughly 300 K with a change of entropy varying slowly with temperature. Further structural 
studies and additional exploration of the growth conditions of these doped LMFO samples are required to fully 
understand the origin of their magnetic properties and learn how to control them to suit the needs of specific 
magnetocaloric tasks. 
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FIGURE CAPTIONS 
Figure 1: Powder XRD patterns of (a) LMFO, (b) BLMFO, (c) CLMFO and (d) SLMFO.  
Figure 2: Magnetization as a function of temperature for LMFO and substituted LMFO samples under an 
applied magnetic field of 0.2 T. 
Figure 3: Schematic representation of the oxygen mediated superexchange mechanisms at play in (left) LMFO 
and (right) ALMFO (A=Ba, Sr or Ca). The figure shows the qualitative weight of each orbital with respect to the 
others derived from DFT results [22]. 
Figure 4: Hysteresis loops of (a) CLMFO, SLMFO, BLMFO and LMFO at 5 K, and (b) SLMFO at 300 K. 
Figure 5: Isothermal magnetization curves of SLMFO sample from 5 to 350 K.  
Figure 6: Temperature dependence of the magnetic entropy change of (a) LMFO, (b) BLMFO and (c) SLMFO 
for different magnetic field variations. 
Figure7: Temperature dependence of the isothermal magnetic entropy change of LMFO, BLMFO and SLMFO 
for a field sweep from zero to 5 T. 
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